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Regeneration in the Central Nervous System?
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Universidad Aut´ onoma de Madrid, 28049 Madrid, Spain
Olfactoryensheathingglia(OEG)accompanyolfactorygrowingaxonsintheirentrytotheadultmammaliancentralnervoussystem
(CNS). Due to this special characteristic, considerable attention has been focused on the possibility of using OEG for CNS regener-
ation. OEG present a large heterogeneity in culture with respect to their cellular morphology and expressed molecules. The speciﬁc
characteristics of OEG responsible for their regenerative properties have to be deﬁned. These properties probably result from the
combination of several factors: molecular composition of the membrane (expressing adhesion molecules as PSA-NCAM, L1 and/or
others) combined with their ability to reduce glial scarring and to accompany new growing axons into the host CNS. Their capacity
to produce some neurotrophic factors might also account for their ability to produce CNS regeneration.
INTRODUCTION
The olfactory system has remarkable distinctive prop-
erties within the adult mammalian central nervous system.
Throughout the whole life of an organism, olfactory sensory
neurons are renewed from progenitor cells present in the ol-
factory neuroepithelium (reviewed in [1, 2]). New-born sen-
sory neurons extend new axons that grow and enter the cen-
tral nervous system (CNS) to make their appropriate con-
nections in the glomerular layer of the olfactory bulbs. These
olfactory axons are surrounded by a special type of glial cells
called olfactory ensheathing glia (OEG), which were ﬁrst de-
scribed by the histologists Golgi and Blanes Viale at the end
of the nineteenth century [3, 4]. It is generally accepted that
OEG are derived from the olfactory placode during develop-
ment [5], although there has been some recent controversy
about this [6]. In the adult olfactory system, there is no hard
evidence of new OEG formation. After a lesion of the adult
olfactory neuroepithelium, the mucosal neuroepithelial stem
cells can repopulate it, and some OEG-like cells accompany
olfactory axons in their journey from the neuroepithelium
to the olfactory bulb. However, the origin of these OEG-like
cells is still uncertain. There is also some doubt about the re-
lationship between OEG present in vivo in the olfactory sys-
tem and their cultured counterparts (see [6]).
From the studies of Cajal, it is known that CNS neurons
have very little capacity to regenerate [7]. In contrast, neu-
rons from the peripheral nervous system (PNS) have a no-
table regeneration ability that may be due, among other fac-
tors, to the peculiar nature of the Schwann cells (SC) that
ensheath the PNS axons. This ﬁnding has stimulated the use
of peripheral nerve and SC grafts to foster regeneration in
CNS, with promising results (reviewed in [8]). Nevertheless,
the incomplete CNS regeneration achieved with SC makes
it necessary to search for more eﬀective regeneration media-
tors. During the last fewyears the use ofOEG forCNS regen-
eration has received plenty of attention, due to their special
properties [6]. Since OEG usually accompany growing olfac-
tory axons into the adult mammalian CNS, it is reasonable
to expect that they may facilitate axonal regeneration. How-
ever, one fundamental question remains to be answered: do
OEG permit axonal regeneration because they act as a pas-
sageway, merely encompassing and accompanying growing
axons or do they play a far more active role, driving axons
through hostile territory? It is not easy to answer this, but
simply posing the question can help us shed light on this
area. A combination of several factors, including adhesion
of membrane molecules, inﬂuence on glial scarring, ability
to migrate within the CNS and production of neurotrophic
factors (see Figure 1), lead us to think that OEG do not act as
mere passageways or accompanists but are in fact drivers of
axonal regeneration in the CNS.
OLFACTORY ENSHEATHING GLIA: ISOLATION
AND CULTURE
In vivo OEG express several markers that have been used
fortheiridentiﬁcationafterisolationandculture(see[9]and
the references therein). OEG share some properties with SC
and astrocytes (revised in [10]), although because of their
diﬀerent pattern of markers and properties are classiﬁed as a
diﬀerent type of glial cells.
OEG are usually isolated from the olfactory bulb of ro-
dents. The nerve ﬁber layer of the olfactory bulb is dis-
sected and the tissue, free of meninges, is removed. Then,
OEG are puriﬁed using one of a number of diﬀerent tech-
niques. These include the sorting of cells positive for the
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immunopuriﬁcation procedures, selection of positive cells
forthelowaﬃnitynervegrowthfactorreceptor(p75-NGFR)
or elimination of Thy-1.1 positive ﬁbroblasts [12, 13], and
several attachment steps based on diﬀerential adhesion of
OEG [14]. Even these puriﬁed OEG cells present heteroge-
neous morphology andmarkers in culture,which mainly de-
pends on the age of the animals used to obtain the OEGs, the
time of culture, and the culture medium (unpublished ob-
servations, 2002 and [15]).
The age of the animals used to obtain the olfactory bulbs
to establish the OEG culture is a major inﬂuencing factor of
OEG phenotype in culture. Cultured OEG from neonate rats
arenestin-positivewhereasculturedOEGfromadultanimals
are nestin-negative (see [9] and the references therein). Ran-
2 has also been reported to be variable in cultured OEG from
neonate or adult animals [11, 12].
Additionally, the expression of diﬀerent molecules is
strongly dependent on the time and method of culture. Sort-
ing by O4 sulfatide expression, a method used by some lab-
oratories, is performed in the cells proceeding from the dis-
sociation of olfactory bulbs to establish OEG cultures [11].
In these cultures, O4 decreased with culture time and was
lost in serum-containing medium [15]. In our laboratory,
we obtained OEG cultures without initially selecting for any
molecule. Our OEG cultures maintained the expression of
O4 throughout the culture time, even in the presence of
serum,althoughthelevelofexpressionwasvariablefromcell
to cell (unpublished observations, 2002). This discrepancy
did not seem to be due exclusively to the diﬀerence in the
ages of the animals used, because Franceschini and Barnett
reported a similar pattern of O4 expression in postnatal ol-
factorybulb,withanincreaseofO4attheborderbetweenthe
olfactory nerve ﬁber layer and the glomerular layer in adult
rats [15].
Other important OEG markers either increase (p75-
NGFR) or decrease (PSA-N-CAM) in a variable level or even
behave in a diﬀerent way (GFAP) throughout the culture
time depending on the presence of serum in the medium
[15].
NotallOEGmarkersshowthisvariablebehaviourincul-
ture.Forinstance,OEGexpressN-CAM,S100,andvimentin
independently of culture age or condition (see [9] and the
references therein).
At least two OEG variants have been identiﬁed in cul-
tures [12, 13, 16]. In serum-free medium Franceschini and
Barnett have identiﬁed two extreme morphological types in
the OEG cultures: an astrocyte-like ﬂat cell that expresses
GFAP (ﬁbrous staining) and PSA-NCAM and is negative
for p75-NGFR, and a second type, a Schwann-like spindle
cell, expressing p75-NGFR, with diﬀuse staining for GFAP
and negative for PSA-NCAM. All the intermediate pheno-
types are possible and the observation of these phenotypes
even in an established clonal cell line supports the view that
they can derive from a common precursor [15]. The com-
plementary expression of PSA-N-CAM and p75-NGFR has
its equivalence in vivo, since the olfactory bulb presents areas
of complementary expression for both markers during de-
velopment [15]. In our OEG cultures, we have also detected
both morphological types of cells and the intermediate phe-
notypes (unpublished observations, 2002).
The availability of cells in culture is essential for the use
of OEG in grafting to favour axonal regeneration in the CNS.
The OEG source and their capacity of division in primary
cultures are limiting, especially when considering human
CNS regeneration. Furthermore, the heterogeneity of pri-
mary OEG may not be a desirable factor for its characteri-
sation and for its use in animal regeneration models. Thus,
immortalisation and establishment of clonal cell lines, con-
stitutes a feasible approach. Nowadays, several OEG lines,
obtained by diﬀerent methods, have been described. They
express markers in a similar way to primary OEG (see [9]
and the references therein). However, immortalising human
OEG remains an important step to establish primate models
of CNS regeneration, which may lead to novel therapeutic
interventions in humans.
OEGandgrowthfactors
One of the most important requisites for the use of
these cells is a complete understanding of their growth re-
quirements. Certain mitogens for OEG were initially charac-
terised as factors present in astrocyte conditioned medium
(ACM), that do not bind to heparin and can be inhibited
with antibodies against neuregulin-1 (NRG-1) [17]. More-
over, semipuriﬁed bovine pituitary extract, which is a crude
source of several glial mitogens including GGF a NRG-1, is
active for OEG [17]. In fact, GGF2 has been shown to pro-
mote OEG proliferation [18]. Thus, NRG-1 proteins are im-
portant mitogen and survival factors for OEG; and proba-
bly a secreted type III NRG-1 is present in ACM [17]. The
neuregulin family of growth factors comprises a group of
moleculesthatshareanEGF-likedomainandareencodedby
4d i ﬀerent genes. NRG-1 gene presents 13 exons and encodes
for multiple isoforms that can be divided in three types: I
(NDF/heregulin or ARIA), II (GGF), and III (SMDF), de-
pending on their N-terminal sequences (for review see [19]).
NRG-1s may be transmembrane or secreted proteins. All
types are expressed by SC, astrocytes, and OEG. However, in
contrast to SC and astrocytes, OEG do not secrete signiﬁcant
amounts of NRG-1 (see [20] and the references therein).
ErbB-3 and ErbB-4 are preferential receptors for NRG-
1-4. Pollock and coworkers have demonstrated that cultured
OEG present ErbB-2 and 4 receptors, lacking ErbB-3 [17].
We have found, by Western blot analysis, that OEG express
not only ErbB-2 and 4 but also ErbB-3 (unpublished ob-
servations, 2002). The level of expression of ErbB recep-
tors by OEG was higher for ErbB-2 and 3 than for ErbB-4,
and depends on the culture medium, being increased in the
presence of forskolin and pituitary extract (unpublished ob-
servations, 2002). ErbB-3 and ErbB-4 form homo- or het-
erodimersbyrecruitingErbB-2coreceptortotransduceNRG
signals (see [19]). The functions of certain combinations of
ErbB receptors for signalling in OEG remain to be deter-
mined.
In vivo, NRG transcripts have been shown in the olfac-
tory bulb of mouse embryos [21]. In the adult olfactory sys-
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cells of the neuroepithelium, the immature olfactory sensory
neurons and OEG of the olfactory nerve [22]; ErbB-3 by
non-neuronal cells of the olfactory nerve [23], and ErbB-4
by the periglomerular and the mitral/tufted cells [24]. The
levels of ErbB2 and ErbB-4/neuregulin-1 are inversely regu-
lated in the olfactory bulb after peripheral denervation. Ex-
pression of ErbB-4 decreases after lesion, possibly as a conse-
quence of peripheral olfactory innervation. The correlation
with the regulation of neuregulin-1 levels suggests a possible
functional link [24]. The intercellular relationship in the ol-
factory system with respect to NRG and ErbB cross talking
requires further research.
Pituitary extract and stimulation of cAMP pathway (ie,
cholera toxin or forskolin) were previously used in the pro-
tocols to grow SC. However, the mechanisms by which
forskolin increases the response of SC to growth factors are
poorly understood. Only for PDGF has it been shown that
forskolin promotes the expression of their receptors [25]b u t
it is not clear whether it aﬀects the expression of other mi-
togen receptors or modulates intracellular signalling path-
ways. Our group has also used this system to promote pro-
liferation of cultured adult OEG. A recent work has de-
scribed that heregulin (neuregulin-1 type I), FGF-2, PDGF-
BB, and IGF-1 are able to stimulate OEG proliferation in
serum-containing medium; and that this eﬀect is increased
by forskolin [26]. The combination of heregulin with all
the other factors and the combination of FGF-2 with both
PDGF-BB and IGF-1 promoted OEG proliferation in an ad-
ditive way. However, in the absence of serum, exclusively
heregulinandFGF-2weremitogenicforadultculturedOEG.
Forskolin stimulated this eﬀectandboth factorshadanaddi-
tive eﬀect on OEG mitosis [26]. Moreover, FGF-2 was found
to be mitogenic for neonatal OEG in culture [27], and both
mitogenic and promotor of diﬀerentiation for olfactory sen-
sory neurons [28]. Thus, FGF-2 might exert a function in the
olfactory system, but its cellular source there remains to be
determined.
PROMOTION OF NEURITE OUTGROWTH BY OEG
Cultured OEG present a large heterogeneity with re-
spect to their morphological and molecular properties. It
is necessary to fully understand the neuritogenic proper-
ties of OEG to improve their application in models in vivo
of CNS injuries. To this aim, characterization of cell adhe-
sion molecules, neurotrophic factors, and extracellular ma-
trixproteinsexpressedbyOEGisessential.Likewise,itwould
also be useful to establish in vitro models to study OEG-
induced neurite growth.
Celladhesionmolecules,neurotrophicfactors,
andextracellularmatrixproteins
The speciﬁc features of OEG responsible for their ax-
onal regeneration-promoting properties have yet to be de-
termined. These properties can probably be attributed to a
combination of several factors. The molecular composition
of the membrane, in particular the presence of cell adhesion
molecules such as PSA-NCAM, L1 and/or others, their ca-
pacity to secrete some neurotrophic factors and the ability
to produce neuritogenic extracellular matrix proteins might
account for the regenerative capacity of OEG (see Figure 1).
In vivo, the olfactory bulb shows expression of N-CAM
throughout the nerve ﬁber layer, and a more restricted ex-
pression of the embryonic form of N-CAM, PSA-NCAM,
which presents a complementary expression pattern to that
of p75-NGFR during development [15]. OEG in vivo also
express L1 (see [9] and the references therein). However, in
culture, only fragmentary information is available. Cultured
OEG from neonatal and P7 rats express N-CAM, and some
astrocyte-like cells express PSA-NCAM depending on the
culture conditions [13, 15] (see the previous section). Cul-
tured OEG from adult rat brains express L1 [12, 29]. How-
ever, it is still necessary to determine the complete pattern of
expression of adhesion molecules by OEG and their correla-
tion with OEG regenerative properties.
Additionally, neurotrophins might play an important
role in the olfactory system. Neonatal OEG express and se-
crete NGF and BDNF, although NGF is more abundant [30].
OEG also present the neurotrophin receptor trkB but lack
trkA and trkC. Thus, OEG are a source of neurotrophins
in the olfactory system. Some experimental evidence sup-
ports an important role for neurotrophins in the survival,
proliferation, and diﬀerentiation of olfactory neurons (see
[30]).ThefactthatOEGalsoexpresstrkBimpliesthatBDNF
might have an autocrine eﬀect on them. In addition, OEG
express GDNF, neurturin (NTN) and their respective recep-
tors GFRα-1 and GFRα-2, but not the transducing receptor
RET [30]. GFRα is present in the olfactory epithelium and in
the olfactory bulb. It has been hypothesised that OEG, lack-
ing RET and thus unable to transduce the signal, may bind
and present GDNF and NTN to growing neurons, but their
function in the olfactory system is still unknown [30].
The ability of OEG to produce certain neurotrophic fac-
tors might account for the capacity of OEG grafts in lesioned
spinal cord to facilitate the regeneration of some spinal tracts
but not others, in function of their trophic requirements (see
[8]).
In the olfactory system, OEG express laminin, an extra-
cellular matrix protein that is highly neuritogenic (see [9]
and the references therein). Cultured OEG from adult rats
also express laminin [12].
TissueculturemodelsofOEG-induced
axonalregeneration
The ability of OEG to promote neurite outgrowth can be
used to establish neuritogenesis and/or regeneration models
in culture. Neurite outgrowth in culture may simply indicate
neuritogenesis when using embryonic or neonatal neurons.
However, neurite extension from adult CNS neurons can be
considered as a culture model of CNS regeneration. Thus,
Wigley and Berry established a coculture model using adult
retinal ganglion cells (RGC) on a monolayer of glial cells.
Adult RGC cultured on a conﬂuent monolayer of neonatal
cortical astrocytes could regrow neurites over long distances40 M. Teresa Moreno-Flores et al 2:1 (2002)
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Figure 1. Neuron-OEG cross talk. OEG and extending axons of olfactory sensory neurons interact through membrane adhesion molecules (represented by
the Y symbols). OEG also bear receptors to neuregulins and possibly to other chemotactic factors produced by the developing neurons (solid arrows) and/or
other cells. Furthermore, OEG produce and secrete neurotrophic factors and neuritogenic extracellular matrix proteins which interact with developing
neurons (dashed arrows). The characteristics of OEG together with their inﬂuence on glial scarring and their ability to migrate within the CNS might be
responsible for their axonal-regenerative properties in CNS injuries. OEG permit CNS axonal regeneration by acting as a vehicle, ensheathing, driving, and
nurturing growing axons through a hostile territory.
[31]. In a recent study, the group of Wigley, using the same
model, compared monolayers of adult rat OEG, to neonatal
astrocytes and SC. They demonstrated that adult OEG were
the best substrate for neurite regeneration of adult RGC
in culture, and that this eﬀect mainly depended on inter-
cellular contact and calcium [32]. In fact SC-conditioned
medium (CM), but not OEG-CM, was a source of neu-
rotrophic factors [32]. In contrast, embryonic OEG that
are capable of promoting neurite extension of embryonic
olfactory receptor cells, are a signiﬁcant source of diﬀusible
neurotrophic factors, present in the OEG-CM [33]. The
diﬀerence between both systems may be either due to the
age of the animals from which OEG cultures were derived
or to the diﬀerent types of neurons used in the cocultures.
Cellular surface molecules (factors for adhesion, axonal
guiding, etc) are important for adult RGC as demonstrated
by Sonigra and coworkers, but their exact identity and their
role in other neurons should be tested [32]. On the other
hand, they could not ﬁnd any evidence for the secretion of
neurotrophic factors for RGC by adult OEG. However, the
diﬀerent trophic requirements of diverse types of neurons
could account for the diﬀerences between RGC and olfactory
sensory neurons. It is also possible that embryonic or
neonatal OEG express and/or secrete neurotrophic factors
diﬀerently to adult OEG. Neonatal OEG have been shown to
express and secrete NGF, BDNF and to express GDNF and
NTN (see above, and [30]), yet expression of neurotrophic
factors by adult OEG remains to be demonstrated.
It would be na¨ ive to think of a simple correspondence
between adhesion molecules or neurotrophic factors and ax-
onal regeneration. Probably, a balance of all these factors is
responsible for optimal eﬀects.
PROMOTION OF AXONAL REGENERATION
IN VIVO BY OEG
Axonal regeneration in the CNS is a complex issue that
must be considered from a broad point of view and requires
an integral approach (for review see [34]). PNS presents an
important regeneration capacity, but this is not the case for
CNS, which has very little ability to regenerate. The pioneer-
ing studies of the group of Aguayo and other groups using
peripheral nerve grafting support the idea that CNS neu-
rons can regenerate axons provided that they are in a stim-
ulatory environment [35]. However, more recent studies also
give more weight to the inherent capacity of neurons to re-
generate or not. This is a function of the expression of genes
necessary for axonal regrowth [36]. It is clear that, after CNS
injury, even if the neurons that remain alive are capable of
axonal regrowth, these new axons should navigate in a per-
missivemolecularbackgroundandbeproperlyguidedifthey
are to resynapse with suitable targets.
Experimental evidence points to a fundamental role for
the CNS microenvironment in preventing regeneration af-
ter a lesion. Several factors may account for this; for exam-
ple, after a CNS lesion, a glial reaction occurs, which gives
way to the formation of a “glial scar.” Several molecules
presentinthisscartissueareinhibitorsforaxonalgrowth,in-
cluding myelin and some of their components (NOGO and
myelin associated glycoprotein, MAG), some proteoglycans,
and other negative factors such as the axonal guiding pro-
teins semaphorin 3A and EphB3 [37, 38, 39]. Additionally,
axonal growth also fails because of deﬁcient neurotrophic
factors and/or the absence of positive axonal guiding
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Accordingly,manipulationofthenegativemicroenviron-
mentoftheinjuredCNSmayhopefullyturnitintoapermis-
sive one. Initially, regeneration in the CNS has been achieved
by the use of PNS SC grafts (revised in [8]). CNS regrowing
axons can penetrate this permissive environment but a prob-
lem is posed by the low eﬃciency of reentry into CNS tis-
sue distal to the lesion. Previous experiments by the group of
Manuel Nieto-Sampedro indicated that OEG could mediate
reentry of peripheral sensory axons in spinal cord CNS envi-
ronment after rizhotomy [29]. Reentry of regenerating axons
into the CNS has also been observed after a complete tran-
section of the spinal cord, when a bridge tube with SC and
OEG was placed. The presence of OEG decreased the forma-
tion of the glial scar and constituted an axonal passageway
at the graft-host interface [40] .T h i sm e t h o dp r o v i d e daw a y
of increasing the eﬃciency of reentry of regenerating axons
in the CNS host tissue. The group of Raisman also showed
recovery of the corticospinal tract function after OEG graft-
ing in partially transected spinal cord [41]. Using the model
of rat spinal cord complete transection, an extraordinary de-
gree of CNS regeneration aﬀecting several tracts of the spinal
cord, has been demonstrated, with accompanying functional
recovery measured by behavioral tests [42]. OEG seem to be
able to migrate in the host CNS tissue and to go along with
the growing axons thus providing a favorable microenviron-
ment for CNS regeneration [42, 43].
PROSPECTS FOR THE FUTURE: USE OF OEG GRAFTS
FOR HUMAN CENTRAL NERVOUS SYSTEM
REGENERATION
Initially, we formulated a fundamental question: do OEG
act as a passageway, ensheathing growing axons, accompany-
ingthem,andbeingdrivenbythemthroughaCNSlesion;or
are they active drivers which promote the growth of these ax-
onsthroughahostileterritory?Orultimately,doOEGhavea
passive or an active role in CNS regeneration? Before we can
answer these questions and consider using OEG for human
CNS regeneration in the future, we will have to deepen our
understanding of their normal physiology, especially of con-
trol of their proliferation and migration and the molecules
responsible for their neuritogenic capacity. Nevertheless, the
special characteristics of OEG suggest that they permit ax-
onal regeneration because they act as a vehicle, ensheathing
andalsodrivingandnurturinggrowingaxonsthroughahos-
tile territory.
Spinal cord injury is a particularly serious lesion that
makes normal life completely impossible. Moreover, a large
number of severe CNS injuries must also be taken into ac-
count. It is also worth noting that several studies have shown
that OEG can myelinate axons (see [44] and references
therein) opening up the possibility of using them in demyeli-
nating diseases.
Previous experiments with engineered SC and ﬁbroblasts
expressing diﬀerent neurotrophic factors have been useful
in helping to repair spinal cord lesions, particularly certain
nerve tracts [8, 45, 46]. The separation of relevant informa-
tion for CNS repair from “noise” will permit us to determine
the fundamental factors required for OEG-induced axonal
regeneration and the possibility of studying further modiﬁ-
cations to optimise the repair of diﬀerent CNS injuries.
Whereas experiments performed in rodents suggest that
OEG grafts favor functional recovery after spinal cord in-
juries [41, 42], these studies must be extended to primates,
in which the supraspinal control of motor functions is fun-
damentaltoassessfunctionalrecovery.Oftheutmostimpor-
tance in this respect is the availability of an accessible and
nonlimited source of human OEG for grafting into patients.
The generation of immortalised nontumorigenic clonal cell
lines, which retain the axonal regeneration-promoting prop-
erties of primary OEG cultures, is an obvious possibility. Al-
ternatively, the isolation of OEG progenitors (or stem cells)
and the control of their diﬀerentiation into axonal-growth-
promoting and ensheathing cells may also be worth con-
sidering. Hopefully, we are closer than ever to obtaining
eﬀective axonal regeneration after human CNS injuries to
achieve functional recovery. However, a huge amount of
work, presumably integrating diﬀerent experimental strate-
gies, including the use of OEG, is required before we can ap-
proach this long-sought aim.
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